1. Introduction {#sec1}
===============

One approach to new therapeutic drug discovery is based on the efficacy of the drug against one particular target or outcome, such as stopping infection or limiting disease pathology. However, potential side effects and off-label indications are often not found until clinical trials or post-market drug safety monitoring. Consequently, this approach to drug discovery often leads to unexpected problems or misfires that delay or block significant advancements. Techniques that can determine the best drug or combination of drugs to optimally treat a disease without using conventional drug screening approaches are needed for rapid, efficient translational medicine ([@bib22]; [@bib32]). Developing targeted therapies that focus on the key signaling pathways that lead to pathology and avoid bystander perturbations of the physiology of a cell are possible when looking at how a therapeutic drug combination impacts a cell using an unbiased analysis of cellular signaling ([@bib3]; [@bib5]; [@bib30]).

Treatment of different disease states through combinations of multiple drugs is used to achieve better therapeutic results, reduce the impact of drug resistance, and sustain high efficacy with low toxicity often with lower doses of the individual drug components. The use of drug combinations is well documented in both cancer and infectious disease therapy ([@bib1]; [@bib2]; [@bib12]). Therapeutic drug combinations work by simultaneously controlling several cellular pathways in the complex network system. In a previous study ([@bib10]), two combinations of antiviral drugs, one combination rich in interferon and one rich in Ribavirin, were determined due to their ability to inhibit Herpes simplex virus type 1 (HSV-1) infection. These combinations were identified through a Feedback System Control (FSC) technique which uses an unbiased search based on the outcome of the drug combination treatment and can identify many unexpected drug combinations offering desired therapeutic outputs ([@bib37]). However, due to the focus on outputs, the FSC search methodology does not give any information on which cellular signaling pathways are stimulated by these drug combination or the mechanistic reasoning behind efficacy of the optimal drug combination.

In this study, we use phosphospecific flow cytometry, or phosphoflow, to understand the changes in cellular signaling using potent antiviral drug combinations as stimuli. The phosphorylation and dephosphorylation of proteins by kinases and phosphatases are part of the essential regulatory networks that drive the phenotype and function of cells, tissues, and organisms, especially after exposure to a drug or biological therapeutic ([@bib28]). Advances in phosphoflow have made studies at the phosphoproteomic level possible ([@bib20]). Using phosphoflow to monitor multiple indicators of cellular physiology allows us to determine how drug combinations affect the intricate cellular signaling by simultaneously interrogating distinct signaling nodes within treated cells. The insight afforded to us by phosphoflow analysis of a drug combination or disease state may allow us to better design specific therapeutics that modulate the activity of disease-related kinases or phosphatases ([@bib21]; [@bib4]).

Antivirals represent a class of drugs for which development is often focused on the singular outcome of limiting viral infection. However, side effects and potential off-label or secondary indications for the use of a drug are often only discovered after the drug is used with FDA approval. A prime example of a virus that is well studied with regards to antiviral therapy is HSV-1. HSV-1 frequently infects humans leading to diseases ranging from mild mucocutaneous lesions to life threatening infections, especially in elderly or immunocompromised patients ([@bib36]). HSV-1 is characterized by its ability to develop latency in neurons of sensory ganglia and lytic outbreaks that often require drug therapy ([@bib19]). Although extensive research efforts have been made to unveil the mechanism of HSV-1 infection, new aspects of HSV-1 pathogenesis are frequently discovered ([@bib34]; [@bib29]; [@bib16]).

The standard therapy for HSV management includes acyclovir (ACV), a compound developed in the 1980s. Extensive use of ACV, as is expected with antiviral therapeutics, has led to resistance to ACV being increasingly reported ([@bib24]; [@bib26]). As the future clinical efficacy of ACV is being assessed, therapies with increased efficacy, reduced resistance potential, and improved pharmacokinetics will undoubtedly benefit clinical outcomes ([@bib15]). Combinatorial drugs often provide better efficacy with reduced individual drug doses compared to treatment with a single drug ([@bib31]; [@bib25]; [@bib35]; [@bib11]). As mentioned above, two distinct drug combinations identified through the FSC technique (a mixture of ACV with either ribavirin (RIB) or interferons (IFNs)) could both effectively inhibit HSV-1 infection ([@bib10]). Though both drug combinations were effective in reducing HSV-1 infection, the underlying mechanisms as to why these particular drug combinations were so potent have not been fully explored. In this study, infected cells treated with either the RIB-rich drug combination or the IFN-rich drug combination were compared side-by-side using phosphoflow technology to determine how these drug combinations affect cellular signaling networks. By not focusing on one set pathway of cellular signaling we used an unbiased approach looking across various signaling nodes in cells to better understand the antiviral mechanisms of these two drug combinations and directly identify cellular signaling pathways that are critical in the control of HSV-1 replication. This study demonstrates the power of using this approach to analyze drug combinations and how to translate the findings. Importantly, we also directly translate our findings into the signaling changes involved in the HSV-1 infection to directly target those changes with antiviral therapies.

2. Materials and methods {#sec2}
========================

2.1. Cell culture and HSV-1 infections {#sec2.1}
--------------------------------------

This *in vitro* investigation was carried out in NIH 3T3 cells, which is a cell line derived from mouse embryo fibroblasts. NIH 3T3 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 5% fetal bovine serum and 1% antibiotics (penicillin and streptomycin). Preparation and quantization of HSV-1 were conducted as previously described ([@bib10]). Viruses were diluted in DMEM to a multiplicity of infection (MOI) of 0.1.

2.2. Drugs and solutions {#sec2.2}
------------------------

IFN-α, IFN-β, and IFN-γ were purchased from PBL Interferon Source (Piscataway, NJ). RIB and ACV were purchased from Calbiochem (San Diego, CA). DMEM was purchased from CELLGRO (Manassas, VA), and penicillin and streptomycin were obtained from GIBCO (Grand Island, NY). Paraformaldehyde (PFA) was purchased from Electron Microscopy Sciences (Hatfield, PA), and phosphate buffered saline (PBS) was bought from EMD (Rockland, MA). All other plates and tubes were purchased from BD Falcon (San Jose, CA).

2.3. Drug combinations applied in the study {#sec2.3}
-------------------------------------------

Based on our previous work ([@bib10]), the following five drug combinations were applied and compared in the current study ([Table 1](#tbl1){ref-type="table"} ): high dose IFNs and ACV (Optimal_A and Optimal_AA), high dose RIB and ACV (Optimal_B), low dose IFNs and ACV (Subopt_A), and low dose IFNs and RIB (Subopt_B). Each individual drug from the combinations was administrated alone or in combination at time 0 in duplicate. After treatment, samples at four time points (0.5, 4, 8, and 16 h) were collected.Table 1Drug combinations tested in the current study.Table 1Optimal_AOptimal_AAOptimal_BSubpot_ASubpot_BIFN-βIFN-αRIBIFN-αIFN-α3.1 ng/mL3.1 ng/mL25,000 ng/mL0.8 ng/mL0.8 ng/mL  IFN-γIFN-γIFN-βIFN-βIFN-β3.1 ng/mL3.1 ng/mL0.2 ng/mL0.8 ng/mL0.8 ng/mL  ACVACVACVIFN-γIFN-γ80 ng/mL80 ng/mL80 ng/mL0.8 ng/mL0.8 ng/mL  ACVRIB20 ng/mL390 ng/mL

2.4. Phosphoflow {#sec2.4}
----------------

Phosphoflow was performed as previously described ([@bib21]). Briefly, cells with or without treatment were fixed with formaldehyde (1.6% final concentration), permeabilized with 4 °C pure methanol, washed twice with staining medium (PBS containing 0.5% bovine serum albumin and 0.02% sodium azide), and finally stained with phosphospecific antibodies in staining medium. Antibodies are against Akt (also known as Protein kinase B), ERK (extracellular signal-related kinase), JNK (c-Jun N-terminal kinases), cJun, MAPKAPK2 (Mitogen-activated protein kinase-activated protein kinase 2), NFĸB (Nuclear Factor ĸB), p38 (Mitogen-activated protein kinase), S6 (ribosomal protein S6), STAT1 (signal transducer and activator of transcription), STAT3, STAT5, and STAT6. Flow cytometry was performed on a BD FACSCanto II flow cytometer. After acquisition, data were analyzed using FlowJo software to generate median fluorescent intensity (MFI) values for each phosphoprotein in each treatment group. The median values were exported to Microsoft Excel for further analysis. All experiments were done with isotype controls to determine background staining. In addition, all experiments were done in triplicates. Data presented as single flow cytometry plot is representative of all three experiments. Data from the triplicates was further converted to bar graphs by averaging data and plotting with error bars representing the standard error.

2.5. Assessing pS6 kinase inhibitor on *in vitro* HSV-1 infection {#sec2.5}
-----------------------------------------------------------------

To validate the cause-effect relationships between pS6 signaling and HSV-1 infection, we used a pS6 kinase inhibitor, SL0101, to evaluate the effect of anti-HSV-1 drug combinations on down-regulating the S6 signaling pathway. SL0101 at three doses (25, 50, and 100 μM) was compared with RIB at 100 μM and ACV at 100 μM. Cells were infected with HSV-1 at the same time that drugs were administered. We also examined the effects of these treatments on pAKT, pERK, pMAPKAPK2, p-p38, p-p70, p-p90^RSK^, pS6, pSTAT1, and pSTAT3 using phosphoflow.

2.6. Animal model of HSV-1 infection {#sec2.6}
------------------------------------

*In vivo* compound treatment and stimulations were performed on female KOS strain mice. All animal handling was performed in accordance with University of California, Los Angeles (UCLA) Animal Research Committee guidelines and animals were monitored for changes to health regularly. Each mouse received either 25 μL of 2.9 × 10^7^ PFU/mL HSV-1 or 25 μL PBS vehicle via vaginal administration on day 0. HSV-1 infection was allowed to occur for 24 h post virus administration. The first vaginal lavage was collected at 24 h post infection (day 1) followed immediately by a 50 μL drug treatment via vaginal administration. The second vaginal lavage was collected at 48 h post-infection (this was 24 h post-first-round drug treatment) (day 2) followed immediately by a 50 μL drug treatment via vaginal administration. The third vaginal lavage was collected at 72 h post-infection (24 h post-second-round drug treatment) (day 3). HSV-1 viral copy number in vaginal lavage was quantified by plaque assay as described below. To assess Optimal_B efficacy, twenty-seven mice were randomly distributed into three groups each containing nine mice. One group was untreated, one was treated with ACV at 80 ng/mL, and one was treated with drug combination Optimal_B. To evaluate SL0101, an RSK p90 inhibitor, eighteen mice were divided into two groups (an untreated control group and a SL0101 treated group). SL0101 at dose of 200 μM was applied to the treated group.

2.7. Plaque assay to quantify HSV-1 titer {#sec2.7}
-----------------------------------------

Plaque assays were performed on Vero cell monolayers. Each lavage was serially diluted eight times with DMEM at a ratio of 1:10. During this process, 0.4 mL of lavage dilution was added to the Vero cell monolayer, and virus absorption was allowed to proceed for 1 h at 37 °C with gentle shaking every 20 min. After absorption, excess virus was removed by three washes with DMEM. 1 mL of agar overlay medium was added on top of the Vero cell monolayer. After plaques started to form the agar overlay was removed, and the cell monolayer was stained with 0.1% crystal violet. Plaques were counted under a microscope and bar graphs were produced based on averages of three experimental data points. Statistical differences were determined using a *t*-Test between viral levels at day 2 or day 3, SL0101 or untreated samples, or fold change in virus levels at day 2 versus day 1 and day 3 versus day 1.

3. Results {#sec3}
==========

3.1. Cellular signaling analysis of cells stimulated with antiviral drug combinations {#sec3.1}
-------------------------------------------------------------------------------------

To better understand how the therapeutic drug combinations were able to inhibit HSV-1 replication, we used phosphoflow to simultaneously monitor the phosphorylated states of 12 cellular signaling nodes (Akt, ERK, JNK, cJun, MAPKAPK2, NFĸB, p38, S6, STAT1, STAT3, STAT5, and STAT6) in individual cells upon drug stimulation. We chose these different signaling nodes to highlight key signal transduction cascades that if modulated would lead to direct changes in the state of the cells. This system is robust enough to track the changes in cellular physiology, as indicated by changes in cellular signaling, induced by the different drug combinations to provide definitive insight into how the cell is affected by these drugs individually and in their optimal combinations by looking at the panel of phosphoproteins. Each individual drug from the combinations was administrated alone and in combination in duplicate at time 0. Samples were collected at four time points post simulation (0.5, 4, 8, and 16 h).

Using this approach, we were able to discern the exact changes in treated cells that were signatures of the optimal drug combinations. An overview of the phosphoprotein panel shown in [Supplementary Fig. 1](#appsec1){ref-type="sec"} indicates that most proteins phosphorylation states were unaffected in cells treated with drug combinations. However, analysis of these panels of signaling nodes revealed that levels of phosphorylated STAT1 (pSTAT1) and phosphorylated S6 (pS6) were noticeably regulated by treatment with different drug combinations ([Fig. 1](#fig1){ref-type="fig"} A). Sixteen hours after drug treatment, we found that stimulation with individual revealed that, as expected, Interferons including IFN-β and IFN-γ induced upregulation of pSTAT1 in a dose-dependent manner ([Fig. 1](#fig1){ref-type="fig"}B, **left panel, yellow histograms**). In addition, we see that most of the drugs individually cause minimal to no change to the high levels of pS6 proteins, except the higher dose of Ribavirin ([Fig. 1](#fig1){ref-type="fig"}B, **right panel, black histogram**). The optimal combinations followed these key individual drugs with the IFN-rich treatments (Optimal_A) inducing increased levels of pSTAT1 but induced no obvious changes in pS6 ([Fig. 1](#fig1){ref-type="fig"}C). Conversely, RIB-rich treatments (Optimal_B) decreased levels of pS6 but induced no obvious changes in pSTAT1 ([Fig. 1](#fig1){ref-type="fig"}C). While both of these drug combinations were discovered for their effectiveness at blocking HSV-1 replication ([@bib10]), these two drug combinations seems to change cellular signaling in distinct ways.Fig. 1**Cellular Signaling Analysis of Drug Stimulated Cells**. A. Host cells were treated with the five drug combinations listed in [Table 1](#tbl1){ref-type="table"} as well as each individual drugs. As a reminder: high dose IFNs and ACV (Optimal_A and Optimal_AA), high dose RIB and ACV (Optimal_B), low dose IFNs and ACV (Subopt_A), and low dose IFNs and RIB (Subopt_B). Drug treatments are indicated at the bottom of the panel. Samples were collected 0.5, 4, 8, and 16 h after drug stimulations. Although 12 phosphoproteins were examined for each sample (pAkt, pERK, pJNK, p-cJun, pMAPKAPK2, pNFĸB, p-p38, pS6, pSTAT1, pSTAT3, pSTAT5, and pSTAT6), here we show only pS6 and pSTAT1. The complete panel is shown in [Supplementary Fig. 1](#appsec1){ref-type="sec"}. B. Comparison of pSTAT1 and pS6 signaling after 16 h of individual drug treatments indicates IFN up-regulated pSTAT1 signaling and RIB down-regulated pS6 signaling. C. Comparison of two optimal drug combination treatments shows that the IFN-rich treatment up-regulated pSTAT1 signaling and RIB-rich treatment down-regulated pS6 signaling. All experimental data shown is representative data from three independent experiments. Flow cytometry histograms are color-coded as in a heatmap with black being unchanged and shades of yellow denoting increases. Quantitation of plots from B and C are shown in [Supplemental Fig. 2](#appsec1){ref-type="sec"}.Fig. 1

3.2. Monitoring STAT1 and S6 as distinct signals of antiviral drug efficacy {#sec3.2}
---------------------------------------------------------------------------

Based on the results described above, we next focused on the phosphorylated states of STAT1 and S6 after drug treatment of cells. Monitoring pSTAT1 over time showed that pSTAT1 was upregulated, in a dose-dependent manner, as early as 0.5 h and this was extended up to 16 h after drug treatments ([Fig. 2](#fig2){ref-type="fig"} A and B). In contrast, adding drug combinations containing RIB lowered pS6 in a dose-dependent manner. pS6 signaling was not an instant marker for RIB, as pS6 decreased only after 8 h of drug treatments ([Fig. 2](#fig2){ref-type="fig"}C and D). When plotting pSTAT1 and pS6 signaling side-by-side along the time course, pSTAT1 was an instant and long-lasting marker for IFN, whereas pS6 was a later period marker for RIB ([Fig. 2](#fig2){ref-type="fig"}E).Fig. 2**STAT1 and S6 Phosphorylation States After Antiviral Drug Stimulation.** A. pSTAT1 signaling was identified as a marker for IFN rich treatment, but not for RIB rich treatment. B. pSTAT1 is an instant, long-lasting marker for IFN treatment. Activation of pSTAT1 was available as early as 0.5 h after drug stimulations and continued for up to 16 h after IFN drug treatments. C. pS6 signaling was identified as a marker for RIB rich treatment, but not for IFN rich treatment. D. pS6 signaling was not an instant marker but a later-period marker for RIB treatment, as pS6 level did not change until 8 h after drug treatments. E. Quantification of pSTAT1 and pS6 signaling in samples treated with Optimal_A and Optimal_B indicates pSTAT1 signaling is Optimal_A specific and pS6 is optimal_B specific. Unit for drugs is ng/ml. As a reminder: high dose IFNs and ACV (Optimal_A and Optimal_AA), high dose RIB and ACV (Optimal_B), low dose IFNs and ACV (Subopt_A), and low dose IFNs and RIB (Subopt_B). For Part E, data plotted is mean ± standard deviation. All experimental data shown is representative data from three independent experiments.Fig. 2

3.3. Monitoring cellular signaling and HSV-1 infection after post-infection treatment {#sec3.3}
-------------------------------------------------------------------------------------

To better understand how these drugs induced changes to the cellular signaling network would lead to limiting HSV-1 replication, we next systemically evaluated changes in the phosphoprotein panel during viral infections treated with drug combinations. Compared to uninfected cells treated with drug combinations alone, cells pre-infected with HSV-1 followed by drug treatments provide a more realistic model for studying the changes in cellular physiology under optimal drug combination treatments, as drug treatments would almost always take place after infection is detected ([Fig. 3](#fig3){ref-type="fig"} A). We used HSV-1 that was engineered to express GFP (Green Fluorescent Protein) as a way to track HSV-1 replication within infected cells. This allowed us to distinguish changes in cellular signaling induced by infection on the single cell level.Fig. 3**Cellular Signaling During Drug-Treated Viral Infection.** A. Host cells were infected with HSV-1, and 8 h post-infection they were treated with drugs. B. 0.5 h after drug treatments, all infected samples had approximately equivalent viral infection levels/percentages, which indicates that the drugs would not instantly lead to viral reduction. C. 16 h post-treatment (24 h post-infection), pAKT, pMAPKAPK2, pNFĸB, pS6 and pSTAT1 were found to be involved during the viral infection and inhibition process. As a reminder: high dose IFNs and ACV (Optimal_A and Optimal_AA), high dose RIB and ACV (Optimal_B), low dose IFNs and ACV (Subopt_A), and low dose IFNs and RIB (Subopt_B). All experimental data shown is representative data from three independent experiments. Flow cytometry histograms are color-coded as in a heatmap with black being unchanged and shades of yellow denoting increases. Quantitation of pSTAT1 from B are shown in [Supplemental Fig. 3](#appsec1){ref-type="sec"}. Quantitation of plots from C are shown in [Supplemental Fig. 4](#appsec1){ref-type="sec"} with GFP levels in 4A, pAKT levels in 4B, pMAPKAPK2 levels in 4C, pNFĸB levels in 4D, pS6 levels in 4E and pSTAT1 levels in 4F. Red arrows in Supplemental Fig. 4 A, E and F indicate Optimal_B and Ribavirin treatments across the analysis.Fig. 3

All samples infected with HSV-1 were done so at a multiplicity of infection (MOI) of 0.1 (+HSV) for 8 h after which the cells were treated with drugs. All conditions had equivalent GFP levels/percentages 0.5 h after drug treatment ([Fig. 3](#fig3){ref-type="fig"}B). The GFP level in +HSV samples was low across all treatments, indicating that viral infection was still in progress and that the majority of cells remained uninfected. Neither IFN-rich nor RIB-rich treatments lowered levels of viral infection in an instantaneous manner ([Fig. 3](#fig3){ref-type="fig"}C). 16 h after drug treatments, GFP levels in +HSV samples increased extensively throughout the cell population indicating that the viral infection was able to infect the whole cell population during this time frame. In this model with virus infection prior to drug treatment, drug combination Optimal_B (RIB-rich combination) outperformed Optimal_A (IFN-rich combination) in viral inhibition at 16 h post treatment. Although Optimal_A and Optimal_B combinations were identified in a drug-virus co-infection model ([@bib10]), drug combination Optimal_A barely reduced the viral infection level in cells infected with virus prior to treatment ([Fig. 3](#fig3){ref-type="fig"}C). This may be due to the previous work using a viral co-infection/treatment model for determining the optimal drug combinations.

3.4. Changes in distinct signaling nodes after post-infection treatment of viral infection {#sec3.4}
------------------------------------------------------------------------------------------

The results in [Fig. 3](#fig3){ref-type="fig"} suggest that IFN does not directly eradicate virus in already infected cells; instead IFN inhibits viral infection by targeting uninfected cells and preparing them to avoid further viral invasion, which is in line with the known biological mechanisms of IFN. Once viral infection had begun in the cell population, IFN could not reduce the level of viral infection. In contrast, Optimal_B (RIB-rich combination) was effective in this study, in which cells were infected prior to drug treatment. These results indicate that RIB can directly target viral replication inside the cells.

Differences in phosphoprotein signaling became more complex 16 h after treatment ([Fig. 3](#fig3){ref-type="fig"}C). pAKT, pMAPKAPK2, pNFĸB, pS6, and pSTAT1 were regulated to various extents by the different drug combinations. In particular, RIB treatments led to both a decrease in pS6 levels and a reduction in HSV-1 viral burden ([Fig. 4](#fig4){ref-type="fig"} A). pSTAT1 levels were diminished in HSV-1 infected cells, but pSTAT1 levels were recovered by IFN treatments ([Fig. 4](#fig4){ref-type="fig"}B). HSV-1 infection decreased pMAPKAPK2 levels, whereas blocking HSV-1 infection with ACV containing treatments increased pMAPKAPK2 signaling ([Fig. 4](#fig4){ref-type="fig"}C). pNFĸB was induced in HSV-1 infected cells, but ACV treatments reduced pNFĸB levels to baseline ([Fig. 4](#fig4){ref-type="fig"}D). ACV containing treatments that reduced HSV-1 levels appeared to induce pAKT levels in the HSV-1 positive population ([Fig. 4](#fig4){ref-type="fig"}E). Overall, when HSV-1 viral infection was present, phosphoprotein changes became more complex. However, the most significant changes in phosphorylation status for drug combination optimal_A was still pSTAT1, and the most significant changes in phosphorylation status for drug combination optimal_B was still pS6. The correlation between IFN, pSTAT1 status, and HSV-1 infection has been widely reported and part of the known biology of IFN. However, the lack of agreement about the mechanisms of RIB and the high efficacy of the RIB-rich drug combination in blocking HSV-1 encouraged us to focus our further investigation into the correlations among RIB, pS6 levels, and HSV-1 infection.Fig. 4**Drug Treatment of Viral Infection Affecting Distinct Signaling Nodes.** Host cells were pre-infected with HSV-1 for 8h and then received drug treatments for 16 h. The signaling alterations became more complex compared to host cells treated only with drugs but without virus. A. RIB reduced both pS6 level and viral burden. B. pSTAT1 signaling was blocked in HSV-1 infected cells, but it was recovered by IFN treatments. C. pMAPKAPK2 level was decreased by HSV-1 treatment, whereas blocking HSV-1 infection increased pMAPKAPK2 signaling. D. pNFĸB was induced in HSV-1 infected cells, whereas ACV containing treatments reduced pNFĸB level to baseline. E. ACV treatments that reduced HSV-1 levels appeared to induce pAKT levels in the HSV-1 positive population. As a reminder: high dose IFNs and ACV (Optimal_A). All experimental data shown is representative data from three independent experiments.Fig. 4

3.5. Monitoring cellular signaling and HSV-1 infection with simultaneous infection and treatment {#sec3.5}
------------------------------------------------------------------------------------------------

To confirm the correlations among RIB, pS6 signaling, and HSV-1 infection obtained in the initial screening, we investigated the state of cellular signaling in cells simultaneously treated with the drug combinations and infected with HSV-1 ([Fig. 5](#fig5){ref-type="fig"} A). In order to allow viral infection to propagate adequately, we focused on the time point 16 h after cells were treated with drug combinations and infected with HSV-1. In this model, Optimal_A and Optimal_B both profoundly reduced HSV-1 infections compared to unstimulated controls ([Fig. 5](#fig5){ref-type="fig"}B). This result is in line with conclusions in the previously published findings ([@bib10]). When we further compared HSV-1 infection levels ([Fig. 5](#fig5){ref-type="fig"}C) and pS6 levels ([Fig. 5](#fig5){ref-type="fig"}D), HSV-1 infection induced an increase in pS6 levels by 5--10 fold, and RIB or the RIB-containing drug combination reduced percent infection and pS6 levels following a similar pattern. Percent infection plotted against pS6 levels revealed that viral infection followed a log-linear relationship with pS6 level ([Fig. 5](#fig5){ref-type="fig"}E). Thus, using an unbiased screen to monitor changes in cellular phosphorylation states allowed us to identify the key changes in cellular physiology that connect the efficacy of a given antiviral drug combination to its antiviral effect.Fig. 5**Signaling In Simultaneous Infection and Treatment.** A. Host cells stimulated with drug combinations and HSV-1 infection simultaneously for 16 h. B. Both drug combinations Optimal_A and Optimal_B profoundly reduced HSV-1 infection compared to unstimulated controls in the co-treated model. Data points are average of data from three experimental ± standard deviation. Flow cytometry histograms are color-coded as in a heatmap with black being unchanged and shades of yellow denoting increases. C. Drug treatments versus percent HSV-1 infection. Data points are average of data from three experimental ± standard deviation. D. Drug treatments versus pS6 level showed similar patterns as viral infection. E. HSV-1 infection levels and S6 phosphorylation levels followed a log-linear correlation. Data points are average of data from three experimental ± standard deviation. As a reminder: high dose IFNs and ACV (Optimal_A and Optimal_AA), high dose RIB and ACV (Optimal_B), low dose IFNs and ACV (Subopt_A), and low dose IFNs and RIB (Subopt_B). All experimental data shown is representative data from three independent experiments. For Parts C, D and E, data plotted is mean ± standard deviation. In Part E, the correlation coefficient, R^2^, is displayed.Fig. 5

3.6. Translating cellular analysis of RIB signaling to discovery of a small molecule inhibitor of HSV-1 inhibition *in vitro* {#sec3.6}
-----------------------------------------------------------------------------------------------------------------------------

Now that we understood that modulation of the S6 phosphorylation state is critical target in the control of HSV-1 replication we sought to validate the cause-effect relationships between pS6 signaling and HSV-1 infection using the pS6 kinase inhibitor, SL0101. To evaluate the effect of down-regulating the S6 pathway on HSV-1 replication we looked at viral replication 16 h after treatment with SL0101. At 50 μM of SL0101 there is a slightly decreased GFP level in +HSV-1 samples, while SL0101 at 100 μM or RIB at 100 μM profoundly decrease the viral infection level ([Fig. 6](#fig6){ref-type="fig"} A). We also examined the effects of these treatments on pAKT, pERK, pMAPKAPK2, p-p38, p-p70, p-p90^RSK^, pS6, pSTAT1, and pSTAT3. When HSV-1 was not present, RIB and SL0101 both showed general signaling regulation across multiple pathways. With viral stimulation, however, SL0101 at 25 and 50 μM no longer resulted in dramatic signaling regulation. This result shows that HSV-1 infection could overcome changes induced by low dose SL0101. However, at 100 μM, SL0101 treatment resulted in a general decrease in signaling across multiple pathways. RIB at 100 μM appeared to be much more specific in signaling regulation, as only pS6 was significantly down-regulated ([Fig. 6](#fig6){ref-type="fig"}B).Fig. 6**A Small Molecule That Mimics Antiviral Drug Signaling Modulation**. A. pS6 kinase inhibitor in HSV-1 inhibition. SL0101 displayed a RIB-like anti-HSV-1 behavior. B. SL0101 showed a general decrease in signaling across multiple pathways, particularly at 100 μM. C. SL0101 appeared to decrease all signaling pathways that have basal activity. SL0101 inhibited pS6 at 50 μM when no virus was present, but it was not effective at that dose when virus was present. When HSV-1 was present, SL0101 required as high as 100 μM to show inhibition on pS6. Flow cytometry histograms are color-coded as in a heatmap according to the scale in B. All experimental data shown is representative data from three independent experiments. In part C, \*, p value \< 0.05 \*\*, p value \< 0.01. Quantitation of plots from B are shown in [Supplemental Fig. 6](#appsec1){ref-type="sec"} with pAKT levels in 6A, pMAPKAPK2 levels in 6B, p-p70^S6K^ levels in 6C and pS6 levels in 6D.Fig. 6

It is important to note that broad spectrum modulation of signaling pathways by a drug may lead to drug-induced toxicity. Therefore, it is possible that SL0101 could be more toxic than RIB even though such toxicity was not obvious based on observation of cellular morphology in our *in vitro* study ([Supplementary Fig. 5A](#appsec1){ref-type="sec"}) and SL0101 only induced toxicity in an MTT assay at concentrations above what we used in this study ([Supplementary Fig. 5B](#appsec1){ref-type="sec"}). SL0101 inhibited pS6 at 50 μM when virus was absent, but it was not effective at that dose when virus was present ([Fig. 6](#fig6){ref-type="fig"}C). When virus was present, SL0101 only down-regulated pS6 at 100 μM. Furthermore, with HSV infection present, SL0101 did not obviously reduce viral infection levels at 50 μM, but infection levels were diminished at 100 μM. Therefore, SL0101 regulates pS6 signaling in a dose-dependent manner in uninfected cells, but SL0101 treatment inhibits HSV infection at a high dose in concordance with changes in pS6 during viral infection.

3.7. Translating cellular signaling analysis: small molecule inhibition of HSV-1 infection in an animal model {#sec3.7}
-------------------------------------------------------------------------------------------------------------

The ultimate goal of our system using phosphoflow is to better understand how drug therapies affect cellular physiology so that we can quickly develop more targeted therapeutic modalities for treating disease. In this study we used a mouse model of vaginal HSV-1 infection as a way to assess the *in vivo* efficacy of the drug combinations we previously discovered. In addition, this acts as a proof of principle that our platform can determine key signaling nodes that should be manipulated as therapy of disease. [Fig. 7](#fig7){ref-type="fig"} A depicts our setup of a model of HSV-1 vaginal infection in mice. To ensure that the animal model could be used to evaluate HSV-1 inhibition efficacy *in vivo*, we first tested ACV alone and drug combination Optimal_B (RIB-rich treatments). Mice treated with ACV showed decreased HSV-1 viral load, especially on day 3. Remarkably, mice treated with drug combination Optimal_B had HSV-1 levels that were 70-fold lower than those of untreated mice on day 3 ([Fig. 7](#fig7){ref-type="fig"}B). This result indicated that this animal model could be applied as an effective *in vivo* model to examine HSV-1 inhibition efficacy of other drug treatments.Fig. 7**Translating Cellular Signaling Analysis to a Small Molecule Treatment of HSV Infection.** SL0101 (RSK p90 inhibitor) inhibited HSV-1 infection *in vivo*. A. Demonstration of the animal model used in the current study. B. Drug combination Optimal_B (high dose RIB and ACV) effectively prevented HSV-1 infection in the animal model, indicating that the animal model was valid for further evaluations on the anti-HSV-1 potency of SL0101. C. SL0101 significantly reduced viral burden *in vivo*. D. Unlike drug combination Optimal_B, which started to show strong an anti-HSV-1 effect on day 2, SL0101 took longer (day 3) to induce viral inhibition. Each experiment used nine animals for each data point. \*, p value \< 0.05 \*\*, p value \< 0.01.Fig. 7

We then tested SL0101 for its *in vivo* anti-HSV-1 effect using this animal model ([Fig. 7](#fig7){ref-type="fig"}A). Mice treated with SL0101 did not show significant viral reduction compared to the untreated group on day 2. However, the treated group showed more than 12 fold viral reduction compared to untreated group on day 3 ([Fig. 7](#fig7){ref-type="fig"}C). When we compared the fold change in HSV-1 levels (e.g. levels on day 2 divided by day 1 levels (day2/day1) and levels on day 3 divided by day 1 levels (day3/day1)), the benefit of SL0101 treatment in limiting HSV-1 replication became much clearer, especially for day3/day1. Unlike drug combination Optimal_B, which started to show strong an anti-HSV-1 effect on day 2, the antiviral effect of SL0101 was delayed by about a day ([Fig. 7](#fig7){ref-type="fig"}D).

4. Discussion {#sec4}
=============

Analysis of alternations in cellular signaling induced by any one drug, combination of drugs, or the disease state can rapidly elucidate the intricate changes in cellular signaling which is crucial for determining how to therapeutically apply drugs for a proper balance between therapeutic outcomes and potential side effects. Phosphoflow technology is a robust tool that can monitor many cellular signaling pathways that can be modulated during drug treatment ([@bib12]; [@bib13]; [@bib8]). Using this technology one can rapidly interrogates the state of key signaling nodes in diverse cellular pathways. We focused our work on changes in phosphorylation states in a panel of key signaling nodes representative of the major cellular processes that could be altered by the drug treatments being used.

Here we present a study focusing on HSV-1 infection. While HSV-1 infection can be well controlled by currently available antivirals, we must develop alternative therapeutic strategies due to several reasons. These reasons include the appearance of anti-viral resistant strains, the possibility of HSV-1 inducing enhanced disease in immunocompromised individuals, and the lack of an effective HSV-1 vaccine. Here we analyze cellular signaling on a system level to determine how antiviral drug combinations modulate many different pathways and discovered that they have different molecular signatures when assayed by phosphoflow. Our results reveal that HSV-1 infection can be targeted using antivirals that modulate one of two pathways: STAT1 or S6. Combinations containing RIB cause changes in S6 phosphorylation, whereas IFN-containing combinations lead to changes in STAT1 phosphorylation. STAT1 is a well-known cellular inducer of the antiviral state ([@bib14]; [@bib23]). This antiviral state efficiently blocks viral growth and thus it makes sense as a marker of antiviral activity.

The impact that modulation of S6 phosphorylation would have on viral replication is not a well-understood idea. While HSV-1 replication either induced or required upregulated levels of S6 phosphorylation, blocking these heightened levels of S6 phosphorylation by RIB was sufficient to block HSV-1 replicaiton. We used these findings to focus on the phosphorylation of S6 as a new target when developing therapeutics against HSV-1 infection. Using this focus, we used a small molecule (SL0101), an inhibitor of an S6 kinase that can reduce S6 phosphorulation and thereby mimic the efficacy of one of the drug combination by lowering S6 phosphorylation. We went on to show that SL0101 could effectively block the replication of HSV-1 in an animal model of vaginal HSV infection.

HSV-1 is one of the most well studied viruses known so it is intriguing that our analysis of cellular signaling modulation in infected cells, using an unbiased approach to discovered that S6 phosphorylation is a new target for antivirals targeting HSV-1. Given the importance of the S6 protein control of ribosomal translation, further studies of how HSV-1 replication benefits from this change in S6 and how common this method of manipulation of cellular translation is among different viruses is needed ([@bib27]). Could it be that the efficacy of RIB is conveyed via changes in S6 induced by viruses? If the theme of S6 manipulation by viruses is common in other viral disease, S6 phosphorylation modulators may be a new class of antivirals.

The efficacy of the S6 phosphorylation inhibition in reducing HSV-1 replication in an animal model of vaginal HSV-1 infection shows how important it is to understand the changes in cellular signaling that are effective in blocking viral infection. However, results of this study revealed that even without HSV-1 infection, RIB directly lowers the level of phosphorylated S6. This finding is important because it underscores that regulation of S6 phosphorylation occurs in cells with and without viral infection. Consequently, the consequences of changing the phosphorylation state of a key ribosomal protein by any drug may be immense. We did not see any obvious changes in cellular morphology nor changes in cell viability as assessed by MTT assay when cells were treated with SL0101, suggesting that minimal cellular toxicity was induced by the SL0101. However, further investigations into how SL0101 can impact cellular physiology are warranted in order to develop effective counter measures against side effects that may be induced by this type of antiviral.

RIB has become a go-to drug in antiviral therapy, especially when looking to target the replication of viruses with few options for treatment. At one time, RIB was the major treatment for Hepatitis C Virus infection but now RIB-independent therapies have become commonplace in the clinic ([@bib18]). RIB remains the first line of antiviral therapy against other viruses on the world stage, including MERS-CoV (Middle East Respiratory Syndrome-Corona Virus), Lassa Fever Virus, and Zika virus ([@bib17]; [@bib6]; [@bib7]). However, a different mechanism of action may be at work for every virus that RIB effectively treats, including nucleoside base level changes and catastrophic error induction in cells ([@bib33]; [@bib9]).

5. Conclusions {#sec5}
==============

In conclusion, we have used phosphoflow technology to evaluate possible mechanisms of therapeutic drug combination and elucidate how these drug combinations modulate cellular signaling so as to design better antiviral therapeutics. Specifically, we were able to identify STAT1 and S6 phosphorylation as a key signaling nodes involved in HSV-1 replication and demonstrate that therapeutic drug combinations that effectively block HSV-1 replication were modulating these signaling nodes to block HSV-1 replication. We extended our findings to develop a proof of principle in a mouse model of vaginal HSV-1 infection by targeting S6 phosphorylation directly with the S6 kinase inhibitor SL0101. The efficacy of targeting this phosphorylation step shows that using analysis of cellular signaling modulation can determine new, efficacious antivirals and drug targets.
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The following are the Supplementary data to this article:Multimedia component 1Multimedia component 1 Fig. S1**Panel of Phosphoprotein States in Stimulated Cells**. The phosphoproteins are listed on the top of the figure, and the time points are listed to the right of the figure. Drug treatments run across each block in the figure. The median fluorescent intensity (MFI) is listed to the left of the figure. MFI staining correlates to the phosphorylation level of the stained protein. NIH 3T3 cells were treated with drug combinations for 0.5, 4, 8, or 16 h, respectively. The cells were then fixed, permeabilized, and fluorescently labeled with phosphospecific antibodies. The phosphoproteins were stained with either a 488 fluorescent tag or a 647 fluorescent tag according to established protocols \[13\]. All experimental data shown is representative data from three independent experiments.Fig. S1 Fig. S2**Quantification of Flow Cytometry Plots from**[Fig. 1](#fig1){ref-type="fig"}. Mean Fluorescent Intensity (MFI) for the histogram plots represented in [Fig. 1](#fig1){ref-type="fig"} (N = 3) were quantitated relative to unstimulated and plotted in bar graphs along with standard error shown in errors bars across experiments. The plots from Fig. 1B are shown in A and the plots from Fig. 1C are shown in B.Fig. S2 Fig. S3**Quantification of Flow Cytometry Plots from**[Fig. 3](#fig3){ref-type="fig"}B. The average of Mean Fluorescent Intensity (MFI) for the histogram plots represented in Fig. 3B (N = 3) were quantitated relative to unstimulated and plotted in bar graphs along with standard error shown in errors bars across experiments. Green bars represent HSV infected cells while black bars represented mock infected cells.Fig. S3 Fig. S4**Quantification of Flow Cytometry Plots from Fig. 3C**. The average of Mean Fluorescent Intensity (MFI) for the histogram plots represented in Fig. 3C (N = 3) were quantitated relative to unstimulated and plotted in bar graphs along with standard error shown in errors bars across experiments. Green bars represent HSV infected cells while black bars represented mock infected cells. A shows GFP levels, B shows pAKT levels, C shows pMAPKAPK2 levels, D shows pNFĸB levels, E shows pS6 levels and F shows pSTAT1 levels. Red arrows in A, E and F indicate Optimal_B and Ribavirin treatments across the analysis.Fig. S4 Fig. S5**SL0101 Does Not Induce Cellular Toxicity**. A. NIH3T3 cells used in the previous *in vitro* experiments were subjected to treatment with mock conditions or 100 mm of SL0101 for 48 h. After which they were observed for changes in morphology that would be a sign of SL0101 induced cytotoxicity. No changes were seen. Images shown are representative of several (N = 5) images taken within each well. B. SL0101 was added to cells in increasing amounts and a standard MTT assay was used to determine toxicity. Cell viability from the MTT assay was plotted against SL0101 concentrations. Data points were done in triplicates and averaged of the values for each point were graphed with error bars representing standard error of triplicates shown.Fig. S5 Fig. S6**Quantification of Flow Cytometry Plots from Fig. 6C**. The average of Mean Fluorescent Intensity (MFI) for the histogram plots represented in Fig. 6C (N = 3) were quantitated relative to unstimulated and plotted in bar graphs along with standard error shown in errors bars across experiments. Green bars represent HSV infected cells while black bars represented mock infected cells. A shows pAKT levels, B shows pMAPKAPK2 levels, C shows p-p70^S6K^ levels, and D shows pS6 levels.Fig. S6
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Supplementary data to this article can be found online at <https://doi.org/10.1016/j.antiviral.2019.104598>.
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